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Quinlan).The apparently stationary phase of mitochondrial motion was investigated in epithelial cells by
spinning disk confocal light microscopy combined with image correlation based single particle
tracking using custom software producing sub-pixel accuracy measurements (5 nm) at 10–12 Hz
frame-rates. The analysis of these data suggests that the previously described stationary, or
anchored phase, in mitochondrial movement actually comprise Brownian diffusion, interspersed
with frequent and brief motor-driven events whose duration are stochastically determined. We
have therefore discovered a new aspect of mitochondrial behavior, which we call stochastically
determined, directed movement.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The distribution of mitochondria in mammalian cells is largely
dependent upon an intact microtubule network [1]. It is kinesin
and dynein motors attached to microtubules that direct mitochon-
drial movement [2–4]. The dynamics of mitochondrial movement
were ﬁrst studied quantitatively [5] and from these studies it
was quickly realized that mitochondria spend most of their time
stationary rather than moving in cells and axons. When stationary,
mitochondria showed some behavior similar to Brownian diffusion
[5], although this was assumed rather than proven. Although mito-
chondria can undergo coherent, low velocity movement, which is
independent of motors [6], and can be anchored to the actin [7]
and intermediate ﬁlament cytoskeletons [8,9], there is uncertainty
in the literature regarding the precise nature of this stationary/an-
chored state and whether Brownian diffusion is involved.
In this study, we take advantage of a spinning disk confocal sys-
tem equipped with a highly sensitive EMCCD (electron multiplying
charge coupled device) camera to permit mitochondrial movementchemical Societies. Published by E
ences Institute, South Road,
913341201.
, r.a.quinlan@dur.ac.uk (R.A.to be tracked in DsRed2 labelled cultured cells with 5 nm spatial
and 100 ms time resolution. These improvements in spatial and
temporal sampling reveal that in epithelial cells, the vast majority
of mitochondria undergo very limited movement. Analysis of 447
mitochondria has revealed evidence for both Brownian drift and
driven motion for mitochondria as previously suggested [5], but
our data describe for the ﬁrst time short (<1 s) directed mitochon-
drial movements that are stochastically determined. These data
deﬁne a new phase of mitochondrial movement, which we term
Stochastically Determined Directed Movement (SDDM).
2. Materials and methods
2.1. Preparation of cells
PtK2 (Kangeroo rat kidney epithelium derived; ECACC
88031601) and MCF7 (human breast adenocarcinoma derived;
ECACC 86012803) cells were maintained in Dulbelco’s Minimal
Essential Medium (DMEM) supplemented with 10% (v/v) foetal calf
serum, 2 mM L-glutamine, 100 U/ml penicillin and 100 mg/ml
streptomycin (Sigma, Poole, UK) at 37 C in a humidiﬁed incubator
gassed with 95% (v/v) air and 5% (v/v) CO2. For imaging experi-
ments, cells were seeded onto glass-insert 3.5 mm dishes (Iwaki
Ltd., Cambridge, UK).lsevier B.V. All rights reserved.
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Vital dyes or transfection with a mitochondrial targeted DsRed2
was used to visualize mitochondria in living cells, e.g. [10]. Cells
were transfected with the commercial vector pDsRed2-Mito (Clon-
tech, Saint-Germain-en-Laye, France) when they reached 40–50%
conﬂuence using GeneJuice (Novagen, Nottingham, UK) according
to the manufacturer’s instructions. Cells were allowed to recover
for 48–120 h prior to imaging. All data used to study mitochondrial
movementwerederived frommitoDsRed2 transfected cells. In some
instances, these transfected cellswere incubated in growthmedium
containing 100 nMMitoTrackerGreen FM (Molecular Probe Inc., Eu-
gene, OR) to conﬁrm the mitochondrial-speciﬁc labelling with
DsRed2-Mito and their functional integrity (Supplementary Fig. 4).
2.3. Confocal light microscopy
A spinning disk confocal light microscope system comprising an
Andor high sensitivity back illuminated (DV897BV – 512  512
pixels) EMCCD camera, a Yanagawa CSU22 and a FRAPPA unit
linked to a XG81 Olympus microscope, ﬁtted with an environmen-
tal chamber. The system was controlled through, and images ac-
quired by Andor IQ software. Data were collected using a 100
oil immersion lens (UPlanSApo NA1.4). Sequences of 1000 images
(512  512 pixels) were collected, avoiding photobleaching effects.
Excitation and emission wavelengths for Mitotracker Green FM
and DsRed2 were 488/525.3 nm and 561/607.3 nm, respectively.3. Results
3.1. The problem – software designed to track individual mitochondria
Although it is recognized that measuring mitochondrial motility
in real time at video rates is preferable, the practicalities of label-
ling mitochondria and the incumbent photobleaching and photox-
icity of these ﬂuorescent labels means that images of 200 ms
exposure acquired at 3 s intervals are considered the most practi-
cable [10]. With these limitations, each frame records only an
aggregate of many individual molecular motor steps, making it
impossible to test whether kinesin and dynein motors operate in
a ‘‘tug of war” [11] or whether motor-directed transport switches
every few steps as seen for melanosomes [12]. The problem ex-
tends to the consideration of non-directed movement, i.e. the an-
chored state reported for axonal mitochondria [7] as manifested
by coherent slow transport in axons [6]. Mitochondria do not move
most (90%) of their time [10,13,14] and although Brownian motion
[5] is thought to be responsible for the small positional ﬂuctuations
that are seen [15], this has not been proven. Clearly new ap-
proaches are needed to study the characteristics of the non-direc-
ted movement mitochondrial behaviour.
3.2. Mitochondrial movement–directed and Brownian diffusion
To track DsRed2-mito labelled mitochondria within a movie se-
quence (Supplementary Video), we developed a new software
package called MotionStudio (Supplementary Fig. 1). Twenty
PtK2 cells and 3 MCF7 cells were imaged. The MCF7 cells exhibited
more crowding and more dynamic changes in the shape of the
mitochondria than the PtK2 cells, which hindered analysis of many
of the mitochondria in the MCF7 cells. We generated a total of 26
image sequences from PtK2 cells and 4 fromMCF7 cells from 5 sep-
arate independent experiments, with each sequence comprising
1000 images recorded at a rate of 10 Hz. The motion tracks from
a total of 445 different mitochondria from the PtK2 cells and 8
from the MCF7 cells were determined, producing a total of almosthalf a million data points. As observed previously for neurons
[13,14] and other tissue culture cells [10], most mitochondria ap-
pear stationary. An example of a tracked mitochondrion (Fig. 1A;
top (time) and bottom (speed) traces) shows a 6 pixel/min drift,
or a speed of 5 nm/s. As this is smaller than the mitochondrion it-
self, it would appear stationary by existing analysis protocols [10].
Manymitochondria exhibit a combination of apparently Brown-
ian diffusion and directed movement. For example the PtK2 mito-
chondrion shown in Fig. 1B (top (time) and bottom (speed)
traces) spends 50 s undergoing Brownian diffusion before experi-
encing a spurt of linear movement for 2 s at a speed of 290 nm/s,
i.e.50 times faster than the drift rate. This mitochondrion then re-
sumes Brownian diffusion. This behavior was observed in mito-
chondria from both cell lines (Supplementary Fig. 5). The short
recording period required for each image sequence means that
we can exclude any contribution from cell movement upon our
observations, which we veriﬁed by testing for the absence of corre-
lated mitochondrial movement within each cell.
3.3. Identifying directed movement
For detailed analysis of non-directed (diffusion) and directed
movement of mitochondria, we required a way to automatically
separate these two types of movement. We achieved this by mea-
suring the speed of each particle averaged over a half a second to
smooth out the Brownian motion and looking for bursts in the
speed corresponding to directed, motor-driven movement (Supple-
mentary Figs. 2 and 3). We are then able to identify driven motion
events lasting 0.5 s or more. There may be smaller directed move-
ment events that are not identiﬁed by our criteria, but in practice
we were not able to separate these from Brownian diffusion, which
would require increased sampling and further improvements to
the imaging hardware.
We now apply a quantitative metric to further analyze the data,
the directed movement time fraction, deﬁned as the fraction of
time for which a particular mitochondrion is experiencing directed
movement events. Examining the distribution of the directed
movement time fraction (driven fraction) for the PtK2 mitochon-
dria (Fig. 2) suggests that on average, a mitochondrion has a frac-
tion of 0.06. In other words, it experiences directed motion for
only 6% of its time. Very few mitochondria – less than 3% – expe-
rience a fraction of over 0.2. Most mitochondria have their behav-
ior dominated by non-directed (diffusion-based) motion in these
tissue culture cells in agreement with previous studies [10].
3.4. Non-directed movement is Brownian in nature
If the track of a mitochondrion undergoing non-directed move-
ment is examined (e.g. Fig. 1A), the movement appears to be
Brownian in nature. This can be rigorously demonstrated by exam-
ining how the square of the displacement of particles increases
with time. We isolated the longest section of non-directed move-
ment for each identiﬁed mitochondrion and plotted how the
square displacement of that particle increases against time during
that non-driven section (Fig. 3). Such a dataset shows that for each
particle the square displacement increases linearly with time in
accordance with the theory of Brownian motion [16]. This Brown-
ian diffusion of mitochondria suggests that they can drift freely,
although this does not exclude the possibility that this is in associ-
ation with cytoskeletal structure(s) to which these mitochondria
can be anchored [7–9].
3.5. Observations of directed movement
From our sample of 445 PtK2 mitochondria we detected 1984
directed movement events amongst 89% of the mitochondria. The
Fig. 1. The movement tracks of two PTK2 mitochondria are plotted. The mitochondrion whose track is plotted in (A) undergoes a random Brownian walk. The track plotted
(B) shows a similar Brownian walk with a brief burst of linear, directed movement seen at around 50 s. The plots on the top half of the ﬁgure show the tracks coloured with
respect to time whilst in the lower half, the tracks are coloured with respect to speed. The gridlines denote individual detector pixels with a size of 48 nm  48 nm on the
image.
Fig. 2. The distribution of the ‘directed movement time driven fraction’, deﬁned as the fraction of time for which a particle undergoes directed movement calculated from 445
tracked PtK2 mitochondria.
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although this is likely biased by our inability to measure events
lasting less than 0.5 s. Even so 77% of events were found to last
<1 s. The distribution of the time taken for such events is approx-
imately exponential (Fig. 4). The physical interpretation of this is
that once begun a directed movement has a constant probability
of ending within a ﬁxed time – i.e. it is a stochastically governed
process. This could be interpreted biologically to mean that once
begun, a directed movement depends upon one or more addi-
tional events each of which have a probability of ending – forexample the regulation of motor proteins and the mitochondrion
drifting, through Brownian diffusion, out of the potential attach-
ment zone to the cytoskeleton. A least squares ﬁt of exponential
decay to the data yields a half-life of 0.32 ± 0.01 s and is also
shown in Fig. 4.
As well as having a short duration, most movement events only
cover a small distance as shown in Fig. 5, with the average distance
being 180 nm, which is typically smaller than the mitochondrion
itself. A small proportion of events had signiﬁcantly longer dura-
tions and displacements.
Fig. 3. A log/log plot of the square displacement of mitochondria vs time from a typical dataset, limited to periods of non-directed movement. This shows clear evidence of
Brownian diffusion due to the linear increase with time. The black line is a reference showing the gradient corresponding to a predicted linear increase.
Fig. 4. The distribution of the time span for 1984 measured directed movement events within PtK2 cells and a least squares ﬁt of exponential decay suggesting an event
half-life of 0.32 ± 0.01 s.
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We observed 44 directed events that covered at least 1000 nm.
Fig. 6 shows the durations and distances covered by these events.
This dataset is not sufﬁcient for detailed analysis, but it appears
that no particle moves faster than 1.5 lm/s, which is equivalent
to 189 kinesin steps/s or 5.2 ms/step. It can be seen that most mito-
chondria move slower than this. Given the half-life model we have
presented, and a sample size of 1984, events theory predicts that
less than 0.25 events would have last for 4 s so the prevalence of
so many events suggests additional factor(s) are involved in coor-
dinating these to overcome the inbuilt stochastic tendency to abort
directed movement.
4. Discussion
As noted previously (e.g. [5,10,15]), automated tracking of
mitochondria poses signiﬁcant technical difﬁculties due to poorvisual contrast, crowding, and ﬁssion and fusion events, which
change mitochondrial size and shape. Our use of image correla-
tion enables accurate measurements to be made despite the
low signal levels. By updating our correlation reference image
every frame we account for changes in particle shape. Our cell
lines were speciﬁcally chosen to minimize ﬁssion and fusion
events. The motion of 447 mitochondria was studied using our
MotionStudio software that is speciﬁcally designed to track indi-
vidual mitochondria. Almost 2000 directed movement events
were detected, 77% of which had durations shorter than 1 s
(Fig. 4) demonstrating the wealth of new data available at these
higher sampling frequencies.
Our data suggest that rather than appearing stationary for
most of the time, mitochondria actually undergo small scale,
Brownian diffusion (Fig. 7; D-phase, diffusion-phase) inter-
spersed with stochastic and short-lived directed motions
(Fig. 7; SDDM – stochastically determined directed movement).
This casts a different light on the deﬁnition of stationary mito-
Fig. 5. The distribution of the distance covered by the 1984 measured directed movement events. Forty-four events cover a distance of more than 1000 nm.
Fig. 6. The distance and duration of the 44 movement events greater than 1 lm. The dashed line illustrates a speed of 1.5 lm/s, which is the maximum observed speed for
these large (<1 lm) movement events.
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pling intervals (e.g. 3 s), such small, directed movements would
not be detected and would be consistent with the view that
mitochondria are stationary because they are anchored. The
low velocity axonal transport of mitochondria is thought to be
the result of them being anchored to the axonal cytoskeleton
[6], but the data here raise the possibility that SDDM contrib-
utes to low velocity axonal transport. It is, however, conceivable
that mitochondrial movement in neurons could be different to
that found in epithelial cells given the differences observed
for neurons of different ages and between axonal and dendritic
processes [18,19].
Whilst we mainly observed frequent, short-lived movement
events, we also saw a disproportionate number of more extensive
directed movement events resulting in large (>1 lm) directed,
mitochondrial movements. We suggest that additional factors or
signals are needed to override the default, and rapid, stochasticend of a directed movement event for a mitochondrion in these
epithelial cells. Our data propose a model (Fig. 7) in which mito-
chondria are continually starting and stopping small, discrete di-
rected movement events (Fig. 7; SDDM) until motor-directed
movement (Fig. 7; RDM – regulated directed movement) is fully
engaged by, for instance, additional factors, such as Milton, miro
and their mammalian homologues as well other proteins like
APLIP1 (Jnk Interacting Protein 1) and p150glued. Such proteins
interact with mitochondrial motor proteins [20–27]. In the light
of the data presented here, the previous concept of an anchored
phase in mitochondrial movement, at least as applied to non-neu-
ronal cells, needs reconsidering. Our data reveal there is a new,
short lived, stochastically determined movement phase. SDDM
could be an important regulatory step that precedes the much
less-frequent, but larger, directed mitochondrial movements
(Fig. 7; RDM) reported and reviewed [10,28,29] elsewhere in the
literature.
Fig. 7. Model to explain the different phases of mitochondrial movement. In this study we have provided evidence that mitochondria undergo Brownian diffusion. In this
diffusion based movement (Diffusion phase; D-phase) there are likely to be two different, but indistinguishable, components. In the one, the mitochondrion can freely diffuse,
but in the other the mitochondrion is tethered to the surrounding cytoskeleton [1,7], which could include intermediate ﬁlaments [8,9,30]. The literature contains numerous
references to the directed movement of mitochondria (RDM-phase; regulated directed movement), which is regulated by such proteins as miro, APLIP1, p150glued and the
Milton homologues, GRIF-1 and OIP-106 (reviewed in [28,29]). We have presented evidence for a third mitochondrial movement phase, which we have termed stochastically
determined directed movement (SDDM). In this phase, mitochondria undergo short-lived (<0.3 ± 0.01 s) movement covering only nm distances.
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